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vestigate	 the	negative	causal	 relationship	between	 reproductive	effort	and	 future	
parental	competitive	ability,	with	the	aim	to	quantify	the	consequences	for	parental	
fitness,	when	breeding	sites	are	scarce.	To	this	end,	we	(a)	manipulated	the	family	size	









study	year	was	exceptionally	 low,	and	 thus,	 competition	 in	early	winter	may	have	
been	extraordinarily	high.	We	hypothesize	that	differences	in	parental	competitive	
ability	due	to	their	previous	reproductive	effort	might	have	played	a	role,	but	before	
the	 onset	 of	 our	 experiment	 and	 resulted	 in	 the	 payment	 of	 the	 survival	 cost	 of	
reproduction.
K E Y W O R D S
brood	size	manipulation,	carry-over	effects,	intraspecific	competition,	life	history	theory,	
social	environment
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1  | INTRODUC TION
One	of	the	corner	stones	of	life-	history	theory	is	the	cost	of	repro-
duction:	 an	 increase	 in	 current	 reproduction	 goes	 at	 the	 expense	
of	 fitness	 that	will	 be	 gained	 from	 future	 reproduction	 (Barnes	&	
Partridge,	 2003;	 Williams,	 1966).	 Parents	 with	 high	 reproductive	
investment	are	expected	 to	pay	a	cost	either	via	a	decreased	sur-
vival	 probability,	 a	 reduced	 future	 fecundity,	 or	 both.	 The	 higher	
the	fitness	costs	of	reproduction,	the	more	the	parents	are	selected	
to	 lower	their	 reproductive	 investment	 (Roff,	1992;	Stearns,	1992;	
Tinbergen	 and	 Daan,	 1990).	 Empirically,	 the	 evidence	 for	 the	 oc-











marily	 been	 on	 physiological	 mechanisms	 behind	 fitness	 costs	 of	











of	 fitness	 costs	 of	 reproduction	have	 focused	mostly	 on	 the	 rela-
tionship	between	reproductive	effort	and	the	predation	risk	of	par-
ents	and	their	offspring	(Alonso-	Alvarez	&	Velando,	2012;	Fontaine	
&	 Martin,	 2006;	 Lessels,	 1991;	 Magnhagen,	 1991;	 Martin,	 Scott,	
&	Menge,	 2000;	 Roff,	 1992).	 Intra-	 and	 interspecific	 competition	
is	a	major	ecological	selection	pressure	that,	along	with	predation,	
could	 mediate	 the	 costs	 of	 reproduction.	 In	 many	 populations,	 a	
negative	 relationship	 between	 clutch	 or	 litter	 size	 and	 population	
density	has	been	found	(Both,	Tinbergen,	&	Visser,	2000;	Dhondt,	





to	 explain	 these	 density	 dependent	 effects	 on	 family	 size,	 most	
of	 them	related	to	higher	 levels	of	competition	for	 resources	such	
as	 food	 or	 territories	 at	 high	 population	 densities	 (Kluijver,	 1951;	
Newton,	1998;	Tinbergen,	Van	Balen,	&	Van	Eck,	1985).	Correlational	
evidence	 shows	 that	 the	 costs	 of	 reproduction	 are	 higher	 at	 high	
population	 density	 and	 presumably	 competition	 (Festa-	bianchet,	
Gaillard,	&	Jorgenson,	1998;	Oksanen,	Koivula,	Koskela,	&	Mappes,	





are	 indeed	 modulated	 by	 the	 competitive	 environment	 involves	
experimentally	manipulating	not	only	 the	reproductive	 investment	







competition.	 These	 survival	 effects	 occurred	 after	midwinter	 and	
thus	well	after	the	breeding	season.	The	level	of	competition	within	
a	 parents’	 (future)	 social	 environment	 may	 thus	 be	 an	 important	
determinant	of	whether	or	not	 it	pays	a	survival	cost	of	reproduc-
tion.	Nicolaus	et	al.	 (2012)	hypothesized	 that	 family	 size	may	neg-
atively	 affect	 the	 competitive	 ability	 of	 parents.	 Earlier	 work	 by	

















for	 preferred	 deeper	 nest	 boxes	 (Fokkema,	 Ubels,	 &	 Tinbergen,	
2016).	 In	 the	winter	 period,	we	 found	 no	 evidence	 for	 a	 negative	
effect	of	family	size	on	the	ability	of	parents	to	claim	a	roosting	box,	
but	in	spring	we	did	find	that	manipulated	family	size	negatively	af-
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(53°23′N,	6°14′E;	 for	 study	 species	 see:	 Figure	1).	 The	 study	 area	
was	reclaimed	from	the	Wadden	sea	in	1969	after	which	parts	were	
planted	 with	 deciduous	 trees	 and	 some	 conifers.	 The	 study	 area	
consisted	of	12	plots	of	roughly	10	ha	distributed	over	the	forests	
(for	map	see:	Nicolaus	et	al.	2009).	Before	the	nest	box	removal	ex-





2.2 | Manipulation of parental feeding effort
2.2.1 | Family size manipulation
In	 2014,	we	 closely	monitored	 all	 nest	 boxes	 during	 the	 breeding	
season	to	determine	the	start	of	egg	laying.	As	soon	as	incubation	
had	 commenced	 (warm,	 uncovered	 eggs	 in	 the	 nest	 cup),	 we	 cal-
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nestlings	 to	 be	 exchanged	 were	 randomly	 assigned.	Within	 most	
matched	 trios,	we	 exchanged	 three	 nestlings	 from	one	 brood	 (re-
duced)	to	another	brood	(enlarged)	and	kept	a	third	nest	as	control	
(34	trios).	To	disturb	each	nest	to	a	similar	extent,	we	also	exchanged	










parents	 that	 raised	 a	manipulated	 brood	 (reduced,	 control,	 or	 en-









2.2.2 | Components of feeding effort
We	measured	the	effect	of	family	size	manipulation	on	four	com-
ponents	 related	 to	 parental	 feeding	 effort:	 (a)	 the	 number	 of	




RFID	 transponders	 of	 the	manipulated	 parents:	 LID665,	 version	




the	nestlings	were	14	days	old,	 and	 (d)	 the	number	of	 fledglings	
produced	(for	further	details	on	how	we	measured	the	four	com-
ponents	 of	 parental	 feeding	 effort	 see:	 Supporting	 Information	
Appendix	S1).







brood	 (first	 brood	 did	 produce	 at	 least	 one	 fledgling).	 Females	 of	







2.4 | Local survival of the manipulated parents 




box.	Moreover,	 this	 knowledge	also	 allowed	us	 to	estimate	of	 the	
effect	of	family	size	manipulation	on	parental	local	survival	until	the	
experiment.	To	 this	end,	we	measured	parental	 local	 survival	over	
















−2 3 7.00	(2.48) 6.33	(1.43) 42.33	(27.36)
0 3 6.67	(2.87) 6.00	(0.00) 41.80	(9.02)
2 3 6.67	(1.43) 6.67	(1.43) 46.87	(8.10)
−3 34 9.29	(0.34) 8.97	(0.38) 60.08	(3.50)
0 34 9.24	(0.34) 8.88	(0.29) 59.60	(2.76)
3 34 9.26	(0.30) 8.79	(0.36) 59.82	(3.85)







nest	 box	 removal	 experiment	 see	 Figure.	 2).	During	 the	 roost	










checks	 in	which	 boxes	were	 also	 opened	 and	 birds	 taken	 out	
proved	 that	 the	 readers	 could	 accurately	 detect	 birds	 with	 a	
transponder	this	way).
2.5 | The nest box removal experiment
During	 the	 17th,	 18th,	 and	 19th	 of	March	 2015,	 80%	 (40	 of	 the	
50)	of	 the	nest	boxes	present	 in	each	plot	were	 removed.	The	10	
boxes	 left	 in	 the	plot	were	 randomly	 selected;	 they	were	 cleaned	
and	moved	35	m	northeast	 from	their	original	 location	 to	mitigate	
potential	 prior	 residency	 effects	 (Andreu	 &	 Barba,	 2006;	 Harvey,	
Greenwood	&	Perrins	1979).	Whenever	it	was	not	possible	to	shift	











parents	of	 the	 three	different	 family	 size	manipulation	groups	 (re-
duced,	control,	enlarged)	in	terms	of	the	distance	between	their	orig-
inal	 breeding	 box	 during	 family	 size	manipulation	 and	 the	 nearest	
new	breeding	box	in	the	following	year	(linear	model:	F(2,	54)	=	0.26,	
p	=	0.77;	average	distance	to	nearest	new	nest	box:	67	m).













Loop	 Antenna	 of	 65	mm,	 manufactured	 by:	 IB	 technology,	 Eccel	
Technology	 Limited;	 see:	 Supporting	 Information	Appendix	 S1	 for	
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package	lme4	(Bates,	Mächler,	Bolker,	&	Walker,	2015).	Figures	were	




2.6.1 | Predictor and random variables





























Parental fitness components and the likelihood to claim a 
breeding box
Generalized	 linear	 mixed	 models	 with	 a	 binomial	 error	 structure	
were	 used	 to	 analyze	 variation	 in	 the	 probability	 to	 start	 a	 late	




second	broods	 (N	=	34	 late	broods)	or	 second	broods	only	 (N	=	31	
late	broods).


























We	 used	 a	 backwards	 elimination	 procedure	 for	 model	 selection	
based	 on	 likelihood	 ratio	 tests.	 If	 included	 in	 the	model,	 we	 first	
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our	analysis	of	the	effect	of	family	size	manipulation	on	the	num-







	=	39.01,	 p	<	0.001).	 Parents	 of	 the	 enlarged	 broods	
were	thus	able	to	maintain	the	higher	brood	weights	created	after	





	=	0.08,	p	=	0.77).	The	 latter	results	 indicate	that	 in-
dividual	offspring	in	the	enlarged	broods	grew	less	well	 in	weight	
after	the	family	size	manipulation.
3.2 | The probability to produce a late brood
We	found	a	clear	negative	effect	of	family	size	manipulation	on	the	
probability	of	females	to	have	a	late	brood	during	the	same	breed-
ing	 season	 (Figure	4a;	 intercept:	 −0.99	±	0.27.	 z	=	−3.71,	 family	































































We	 found	no	evidence	 that	 the	effect	of	 family	 size	manipulation	










family	 size	 manipulation:	 β	=	−0.15	±	0.06,	 z	=	−2.38,	 χ2
df1
	=	5.85,	
p	<	0.05).	 There	 was	 no	 evidence	 that	 the	 effect	 of	 family	 size	
manipulation	 was	 nonlinear	 (manipulation2: β	=	−0.007	±	0.03,	
z	=	−0.20,	 χ2
df1
	=	0.04,	 p	=	0.85)	 nor	 that	 it	 differed	 between	 the	
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	=	0.45,	p	=	0.50),	but	 the	 slope	of	 the	
effect	differed	between	the	sexes,	with	a	more	pronounced	negative	
effect	in	females	than	males	(see	Table	3,	Figure	5).
3.4 | The nest box removal experiment
3.4.1 | Did competition increase after the nest box 
removal?
After	 the	 total	 number	 of	 boxes	 decreased	 from	 600	 to	 121,	 we	
found	 that	 the	 number	 of	 Great	 tit	 breeding	 pairs	 had	 decreased	
from	 252	 in	 the	 previous	 year	 to	 110.	 The	 remaining	 11	 boxes	
were	occupied	by	Blue	 tits	 (Figure	6).	 In	 line	with	 competition	oc-
curring	over	the	boxes	we	found	that	(a)	the	fraction	of	the	breed-








Furthermore	 (b)	 we	 found	 relatively	 few	 natural	 cavities	 (see:	
Discussion	 for	 references	 to	 other	 study	 areas)	 available	 as	 al-
ternative	 to	 the	nest	boxes	 in	our	 study	area	and	 that	 some	com-




















(mostly	 before	 the	 first	 egg	was	 laid;	 see:	 Supporting	 Information	
Appendix	S1,	Table	S1).
3.4.2 | Did family size manipulation affect the 
probability to claim a scarce nest box?
In	 contrast	 to	 our	 expectation,	 family	 size	 manipulation	 had	
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the	 following	 spring	 after	 competition	 was	 induced	 (Figure	7;	




find	 any	 evidence	 for	 nonlinear	 (manipulation2: β	=	0.14	±	0.08,	
z	=	1.63,	 χ2
df1











































































































a afraction nestboxes occupied by Great tits fraction nestboxes occupied by Blue tits









perimentally	 manipulated	 families	 would	 not	 be	 affected	 until	 the	





claim	 a	 scarce	 nest	 box	 after	 competition	was	 induced.	 In	 contrast	





















tal	 family	size	 indicates	 that	parents	did	not	completely	keep	up	
with	the	increased	demand	of	their	brood	(Tinbergen	and	Verhulst	
2000).




previous	 years,	 after	 the	 nest	 box	 removal	 experiment,	 all	 nest	
boxes	were	 occupied	 (Figure	6).	 The	 vast	majority	 of	 the	 boxes	
were	 occupied	 by	Great	 tits,	 but	 less	 than	 half	 of	 the	 breeding	
pairs	 around	 in	 the	 last	 year	 managed	 to	 claim	 a	 spot.	 Overall,	
the	fraction	of	nest	boxes	occupied	by	dominant	Great	tits	in	the	
breeding	 season	 drastically	 increased	 and	 the	 fraction	 of	 nest	
boxes	 occupied	 by	 subdominant	 Blue	 tits	 decreased	 relative	 to	
the	expected	numbers	from	previous	years.	This	is	in	line	with	the	
experimental	findings	of	Dhondt	and	Adriaensen	(1999)	and	Löhrl	
(1977),	who	 showed	 that	Great	 tits	 outcompeted	Blue	 tits	 from	
breeding	boxes.







competition	 was	 likely	 higher.	 It	 is	 known	 from	 other	 passerine	
species	 that	 birds	 also	 under	 “natural”	 conditions	 exhibit	 pros-
pecting	behaviour,	that	is,	inspecting	multiple	nesting	sites	before	
and	during	breeding	(Doligez,	Cadet,	Danchin,	&	Boulinier,	2003;	
Doligez,	Pärt,	&	Danchin,	 2004;	Pärt	&	Doligez,	 2003;	 Sánchez-	
Tójar	et	al.,	2017).	For	House	sparrows	(Passer Domesticus),	it	was	
shown	 that	 experienced	 adult	 breeders	 prospected	 very	 little,	
likely	 because	 they	 hold	 on	 to	 the	 same	 territories	 year	 round	
(Sánchez-	Tójar	et	al.,	2017).	The	same	may	hold	for	the	territorial	
Great	tit	(Andreu	&	Barba,	2006;	Tinbergen,	2005)	under	“natural”	















occurred.	 In	 total,	we	 found	69	 suitable	natural	 cavities	of	which	
50	 were	 occupied	 over	 the	 whole	 study	 area.	 Relative	 to	 other	
study	 systems	 this	 is	 a	 low	 natural	 cavity	 availability	 (see:	 e.g.,	
Cockle,	Martin,	&	Drever,	2010;	Lõhmus	&	Remm,	2005;	Maziarz,	




at	 least	 six	 Great	 tit	 parents	 that	 bred	 in	 nest	 boxes	 in	 2014	 (of	
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4.3 | Were fitness costs of reproduction already 







size	manipulation	on	our	measures	of	 parental	 local	 survival	were	
the	result	of	actual	mortality	rather	than	emigration	because	 local	









of	 the	 experiment;	 before:	N	=	47,	 R:	 0.34,	 C:	 0.47,	 E:	 0.19;	 after:	
N	=	40,	R:	0.35,	C:	0.43,	E:	0.23).
We	suggest	that	in	this	particular	year,	due	to	the	fact	that	the	
survival	 cost	of	 reproduction	was	already	paid	before	we	 induced	
competition	for	nest	boxes,	any	competitive	differences	among	the	
parents	 resulting	 from	 the	 previous	 family	 size	 manipulation	 may	
have	already	been	erased	before	the	next	spring.	The	observed	neg-
ative	effect	of	family	size	manipulation	on	the	probability	of	parents	
to	 start	 a	 late	 brood	within	 the	 same	 season	 could	 have	 exerted	
an	additional	compensatory	effect.	From	previous	work,	we	know,	



















Sea	 buckthorn	 berries	 (2014/2015)	 exceptionally	 low.	 Tinbergen	
et	al.	 (1985)	 suggested	 that	 only	 in	 years	 with	 a	 low	 winter	 food	
Great	tit	parents	paid	a	survival	cost	of	reproduction.	Perhaps,	due	
to	 the	 very	 low	 availability	 of	 Sea	 buckthorn	 berries	 in	 our	 study	
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